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Enabling Large Load Transitions on Multicylinder Recompression HCCI
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Abstract—The fuel governor control design methodology
presented in [1] is extended and experimentally validated on
a multicylinder recompression homogeneous charge compres-
sion ignition (HCCI) engine. This strategy regulates desired
combustion phasing during load transitions across the HCCI
load range. A baseline controller tracks combustion phasing
by manipulating valve and fuel injection timings. A reference
governor is then added on to the compensated system to modify
the fuel injection amount by enforcing actuator constraints.

Experimental results show improved transient responses of
combustion phasing and load during load transitions, when the
possibility of constraint violations exists. The nonlinear fuel
governor predicts future model trajectories in real-time, and
enables larger load transitions than were possible with the
baseline controller alone. The complexity and computational
overhead of this strategy are reduced by developing a linearized
fuel governor, which is shown to work well in the entire HCCI
load range and for small variations in engine speed.

I. INTRODUCTION

The load range in recompression HCCI engines is bounded
from below by high cyclic variability, and from above by
constraints on ringing and pressure rise rates [2]. This work
aims to design a control strategy that regulates combustion
phasing for any load transition in this range.

Auto-ignition timing control in HCCI combustion requires
careful regulation of the temperature, pressure and composi-
tion of the cylinder charge. Load transitions in HCCI engines
are achieved through fuel mass changes, which in turn have
a significant effect on charge temperature, and consequently
on combustion phasing. These undesired changes in phasing
need to be rejected. Large load transients can lead to actuator
saturation, in which case the controller authority is lost. This
is most pronounced during large load steps down, when
reduced temperatures can result in engine misfires, which are
unacceptable for emissions and driveability.

Solutions to this problem using optimal control schemes
have been proposed, see for example [3]-[5]. However,
these involve the on-line solving of a nonlinear optimiza-
tion problem where the stabilization, tracking and actuator
constraint requirements have to be satisfied simultaneously.
This problem is simplified through the implementation of the
fuel governor, which reduces computation time compared to
higher-dimensional optimal control schemes, at the cost of
reduced flexibility in shaping the transient response.

Figure 1 shows an overview of the methodology used in this
work. Load requirements are converted into desired fuel mass
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Fig. 1. System overview: The fuel governor is added on to the controller-
augmented system. Estimated states are obtained from the observer.

commands (mj?’“). A baseline controller uses valve timings
and fuel injection timing to track desired combustion phasing
(ngof). The fuel governor is then added on to the controller-
augmented system to improve transient responses during
large load transitions. The governor works by attenuating the
desired fuel amount change when the possibility of future
actuator constraint violations exists.

The fuel governor is based on the reference governor
concept which separates the closed loop design from the
constraint enforcement requirement [6]-[10]. Reference gov-
ernors have been applied widely in literature, for example to
prevent fuel cell oxygen starvation [11]-[13], in hydroelectric
power generation [14], [15] and in turbocharged diesel engine
supplemental torque control [16].

The paper is structured as follows. The experimental
hardware is introduced in Sec. II. A control-oriented model
for HCCI combustion is presented, along with validation
results. This model is used in Sec. III to develop a baseline
combustion phasing controller. The fuel governor is developed
in Sec. IV, and is shown to improve phasing and load tracking
performance during large load transitions. It enables larger
load transitions than were possible with the baseline controller
alone. Finally, in Sec. V, the linearized fuel governor is pre-
sented, which reduces computational complexity significantly
with a minor loss in performance. Validation at different
engine speeds demonstrates the efficacy of the approach.

1I. HCCI COMBUSTION MODELING
A. Experimental Setup

A four cylinder 2.0 liter GM LNF Ecotec engine running
premium grade indolene was used in this study. Modifications
to accommodate HCCI combustion include an increased
compression ratio of 11.25:1, and shorter duration and lower
lift cam profiles to allow for unthrottled operation. In addition
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Fig. 2. Typical HCCI in-cylinder pressure trace

to the stock turbo charger an Eaton M24 supercharger was
used. Experiments were run at slightly boosted conditions,
approximately 1.1bar intake manifold pressure. Cylinder
pressure measurements were used in the ECU to compute
combustion phasing in real-time for feedback control.

The control strategies presented in this paper were im-
plemented using a combination of C and Matlab code,
and were tested in real-time using an ETAS ES910 rapid
prototyping mT?Adule. The module uses an 800 MHz Freescale
PowerQUICC  III MPC8548 processor with double precision
floating point arithmetic and 512 MB of RAM.

B. Control-Oriented Model

The control-oriented model for recompression HCCI com-
bustion is based on work done in [1], [17]. The model has
two discrete states, the temperature (7,,) and burned gas
fraction (byy) of the blowdown gases!. These states represent
thermal and composition dynamics of the system respectively.

As seen in Fig. 2, closing the exhaust valve early and
opening the intake valve late causes the characteristic negative
valve overlap (NVO) seen in recompression-based HCCI
engines [18]. The actuator inputs considered for control,
namely the exhaust valve closing timing (), start of fuel
injection (), and mass of fuel injected (my), affect charge
properties in this NVO region. Valve timings are controlled
by a hydraulic cam phasing actuator with fixed cam profiles.
The intake cam position is fixed. The primary model output
is combustion phasing. This is quantified by sy which is the
engine crank angle at which 50% of the total heat release
occurs. The work output, represented by the indicated mean
effective pressure (IMEP), is a strong function of my. In this
work, load transitions are represented by fuel mass changes.

1) Model Equations: For a detailed discussion of model
structure and equations, please refer to [1], [17]. The key
equation in the model is the Arrhenius integral that computes
the location of the start of combustion (). It is given by

(2
soc A B
1 + ksoiusoi = / *P?p exp () de (1)
0 w T,

ive c

050 = o100 + g 2

IThe burned gas fraction is the mass fraction of the combustion products
excluding excess air. Blowdown is defined after the exhaust valve opens.
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Fig. 3. Steady-state and transient validation results for the model.

TABLE I
LINEARIZATION OPERATION POINT

Quantity (o) ‘ Nominal operating point (&) ‘ Units
Ueye 253 °CA aTDC
my 10.7 mg/cycle
Usoi 330 °CA bTDC
050 73 °CA aTDC
Tya 870 K
bpa 0.85 .

where 6;,. is the intake valve opening timing, w is the engine
speed, and p. and T, are charge pressure and temperatures at
angle 6 respectively. Here ki, A, B, ny, oy are parameters.

C. Model Validation Results

The control-oriented model was parameterized using steady-
state actuator sweep data recorded at an engine speed of
1800 rpm and a boost pressure of 1.1 bar. Figure 3 presents
validation results for the model. The plots to the left
demonstrate that the steady-state simulated and measured
combustion phasing, load and mass of air agree well.

The plots to the right demonstrate satisfactory closed loop
model validation. This validation supports the use of the
model for predictive model-based control strategies. In these
plots, a mid-ranging feedback controller, see Sec. III-A, was
implemented both in simulation and on the rapid prototyping
hardware. Identical desired load and 9;6({ steps were fed to both
the model and the engine. The predicted 85y, sy, and ugye
traces match both the magnitude and dynamic behavior of the
engine measurements. The wu,,. drift in Fig. 3 seen after 1500
cycles, is attributed to changing environmental conditions,
and does not influence the control strategies presented here,
where the prediction horizon is of the order of tens of cycles.

D. Model Linearization

The model is linearized about the operating point in Tab. I.
Here & is the nominal operating point around which quantity
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This linearized model is used to determine the feedforward
component of the ug,; control signal in Sec. III-B, and is
used to develop the linearized fuel governor in Sec. V.

ITII. BASELINE CONTROLLER

The baseline controller in Fig. 1 uses the u,, and wuy,;
actuators to track 6sy. As seen in Fig. 4, it comprises of a
feedback loop arranged in a mid-ranging control configuration,
and a model-based feedforward w,,; component.

A. Mid-ranging based Feedback Loop

Mid-ranging is a two-input single-output (TISO) control
technique often used in process control [19]. It has also been
used in HCCI engine control applications, see for example
[20], [21]. This configuration is useful when one actuator
provides the required capacity but is slow, while the other
actuator is fast but saturates easily. To provide high resolution
over the entire operating range, the slow actuator returns the
fast actuator to its reference set point at steady state.

In the current application, the u,,. and u,; actuators act
as the slow and the fast actuators respectively. The .
actuator has the larger range and greater authority. However,
the hydraulic cam phasing actuator is relatively slow, and has
a common value for all cylinders. In contrast, u, saturates
easily, but can be set independently from cycle-to-cycle
for each cylinder. The 65 tracking error signal drives a PI
controller (Hy in Fig. 4) that controls u,;. The slower 1,
moves or mid-ranges w,; back towards its reference set point,
using an integral controller (H, in Fig. 4) driven by the w,;
tracking error for a reference cylinder, here cylinder 1.

INPUTS
Start of Injection Timing

OUTPUTS
Combustion Phasing

380 ‘ 15 |
I I
— — I
Q360 o |
a 2 10
I}
: m 3
=< 34 <
g l S !
= | VQ 5 !
3 320 | 3 |
= Load | Load | Dats
) | ata
step — | Data step — = = - Reference
300 : 0
0 50 100 0 50 100
Exhaust Valve Closing Timing Torque response
265 ‘ 3.5 ‘
I (i
— I I
S o
g 200 _
& I 2
< | S
< 255 | o 3
é ! = |
© | =] |
g or | !
Bl 20 Load Load |
step — | 08 |
245 L 95 P2,
°0 50 100 20 50 100
Cycles Cycles
Fig. 5. One cylinder: Baseline controller exhibits reasonable 65, tracking

performance for small load transitions (my : 10.5 — 8.8 mg/cycle).

B. Model-based Feedforward

The linearized model in (3) is used to determine the
feedforward component of ug,;. In Eq. 5, * and u;; are
the steady state states and injection timing input when the
linearized system is at steady state, with 05y at ng)f. Assuming

the current values of u,,. and my to persist at steady state,
¥ = Ax” + Bsoiu?{g;i + Bevcuevc + Bfmf
0 = Cx* + Dyoiti®s; + Deyeliowe + D ymy

—1
s. (A - I) Bsoi
. s
- Usoi = [O 1] |: C Dsoi
_Be'uc -B 0 re; T
: |: —Dope *ch 1 :| |:uevc my 95({i| )

A\
sot*

The feedforward component of u,,; is set as u

C. Experimental Results

The engine response to a small load step (my : 10.5 —
8.8 mg/cycle) for one cylinder and all cylinders are shown
in Fig. 5 and 6 respectively. The combustion phasing
controller maintains sy within reasonable bounds, and the
load transitions smoothly between the two set-points. The
sudden initial jump in ug,; in response to the fuel step is
caused by the feedforward component of u,,; computed in
(5). The u,y, actuator slowly mid-ranges the wuy, actuator
back to its reference set point. Note that the w,,. actuator is
common for all cylinders, and so the wy,; for each cylinder
settles to different reference points.

IV. NONLINEAR FUEL GOVERNOR

Large load transitions result in large changes in the charge
temperature. The baseline controller developed in Sec. III is
unable to reject the subsequent large variations in 6sy. This is
seen in Fig. 7, where the baseline controller exhibits poor 65,
and IMEP tracking performance after a large load step down
(my : 11.4 — 8.8 mg/cycle). The nonlinear fuel governor is
developed to improve this poor performance.
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Fig. 6. All cylinders: Baseline controller exhibits reasonable 65, tracking
performance for small load transitions (my : 10.5 — 8.8 mg/cycle). Note
the cylinder-to-cylinder variability in 659 and IMEP.

As seen in Fig. 1, the fuel governor is added on to the
controller-augmented system, and it modifies the desired
mass of fuel (mf*(k)) in response to the observed state
of the system (Z(k)). The nonlinear fuel governor uses the
nonlinear model of the plant, from Sec. II-B, to calculate
future trajectories. The fuel governor utilizes the receding
horizon principle to check for actuator constraint violation,
and is discussed in detail in [1]. Similar to [11], a bisectional
search is carried out on the desired change in fuel mass until
the optimal value of a single parameter () is found:

my(k) = mg(k — 1) + 8- (m{*(k) — me(k —1)).  (6)

Ideally g is set to 1, in which case the fuel governor has no
effect, and the desired fuel step is applied unmodified.

At every time step, the system is initialized at the current
system states (Z(k)), which are determined from a Luenberger
observer designed using the model linearization. The closed
loop system is simulated over a fixed future time horizon (V)
with the fuel level maintained at m(k) calculated in (6). The
parameter [ is reduced if constraint violations are detected,
and is increased if all constraints are satisfied. The optimal
value of § € [0,1] is obtained subject to a convergence
tolerance (e). This process ensures that the tracking error
between the desired and actual fuel levels is reduced.

The actuator constraints considered in this work are
saturation constraints on uy,; and u,,. and rate constraints
on ey It was observed that w,; saturation was the only
active constraint in experiments, and it was always violated
before the ., constraints. This is a result of the mid-ranging
feedback gains chosen for the baseline controller. Note that
as long as .y, has authority, u,,; will be mid-ranged to the
set-point where a feasible solution of 3 € [0, 1] should exist.

A. Experimental Results

For large load transitions, the fuel governor improves the
poor 65y tracking performance exhibited by the baseline
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controller developed in Sec. III. This is seen in Fig. 7, where
the baseline controller alone cannot prevent highly oscillatory
059 and IMEP variations in response to a large load transition
(my : 11.4 — 8.8 mg/cycle). The fuel governor uses the
nonlinear model to predict future constraint violations and
slow down the applied fuel mass command. The results in
a smaller deviation of u,; from its nominal reference value,
and a much smoother transition in 65y and IMEP.

The fuel governor can also extend the load transition range
by enabling transitions that would otherwise be impossible
to control. By slowing down the m; command intelligently,
an even larger load step down (my : 12.3 — 8.8 mg/cycle)
in Fig. 8 is successfully negotiated. At the specified boost
pressure (1.1bar) and engine speed (1800rpm), this load
transition spans the entire load range of recompression HCCI.

As seen in Fig. 7 and 8, the governor typically steps my
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caused by cylinder 3 entering a dynamically oscillatory region.

quickly till the w,,; constraint is hit. This is followed by a
slow relaxation in my to its desired value, the rate of which
is driven by the u,,. response. Note that the u,, constraint
has to be made more conservative than the true value. This is
done to allow for model and observer errors, and to account
for cylinder-to-cylinder variations.

B. Potential Oscillatory Dynamics after Load Step Down

Figure 9 shows the fuel governor response of different
cylinders for the same load step down studied in Fig. 7. It
illustrates that while the transient response of some cylinders
can be excellent, other cylinders sometimes exhibit high
cyclic variability in 6sy. The initial IMEP and 65y response
just after the load transition is satisfactory for both cylinders,
which indicates that the fuel governor improves transition
performance for all cylinders. However, a few cycles after
the load transition, the sy of cylinder 3 enters an oscillatory
region, causing noticeable dips in IMEP.

This behavior is attributed to the baseline controller
applying destabilizing control to cylinder 3. As shown in [22],
late phasing HCCI combustion dynamics are oscillatory. In
these conditions it is important to capture the chemical energy
coupling between cycles due to unburned fuel. The onset of
the oscillatory dynamics varies with load and with cylinder, as
seen in Fig. 9. During the load transition, cylinder 3 entered
this oscillatory region while cylinder 2 did not. As seen in [23],
gains designed for stable HCCI dynamics are destabilizing
when applied in the oscillatory region. Thus the performance
gains of the fuel governor will be further improved in future
work with a baseline controller that considers the unburned
fuel dynamics and globally stabilizes combustion phasing.

V. REALTIME IMPLEMENTATION

Implementing real-time predictive control strategies on
commercial vehicle-based embedded hardware is challenging
due to the computational complexity of optimizing nonlinear

TABLE I
COMPARISON OF MAXIMUM RUNTIME FOR DIFFERENT CONTROL
STRATEGIES FOR A STANDARD SERIES OF LOAD TRANSITIONS.

Control Strategy Maximum | Normalized Maximum
Runtime Runtime
Nonlinear Fuel Governor 8.916 ms 7315%
(Arrhenius integral)
Nonlinear Fuel Governor 2.315ms 1900%
(lookup table)
Linear Fuel Governor 0.1271 ms 104%
No Fuel Governor 0.1219ms 100%

models online. Several efforts were made to reduce the
complexity and computational runtime of the fuel governor:

1) The nonlinear fuel governor optimizes S in (6) four
times every engine cycle. Each optimization requires
the nonlinear combustion model to be simulated several
times. The number of model simulations per timestep
can be reduced by shortening the time horizon (N),
and increasing the tolerance (¢), as defined in Sec. IV.
In this work, N = 12 and ¢ = 0.05 were used, to
balance performance and computational cost.

2) The Arrhenius integral used to determine the start of
combustion, see (1), is computationally very expensive.
The integral was replaced with a pre-computed lookup
table, based on wu,,; and Tp,.

3) A linearized fuel governor was developed by replacing
the nonlinear combustion model with the linear model
presented in Sec. II-D.

Table II shows the typical maximum runtime for different
control strategies for a standard series of load transitions. All
of the above three strategies were run in real-time on the rapid
prototyping hardware described in Sec. II-A. Replacing the
Arrhenius integral with a lookup table results in an appreciable
runtime improvement. The linearized fuel governor shows
a drastic reduction in maximum runtime. The additional
computational overhead of augmenting the baseline controller
of Sec. III with the linearized fuel governor is only 4%.

A. Linearized Fuel Governor at Different Engine Speeds

The linearized fuel governor is promising from a computa-
tional cost perspective. To be able to use this strategy across
the entire HCCI load-speed operating range, the nonlinear
model has to be linearized at several operating speeds. Each
of these linearized fuel governors has to be insensitive to
a variation in speeds around its nominal operating point.
Figure 10 shows that the linearized fuel governor that is
linearized at 1800rpm performs well for a variation in
speeds (100 rpm). The linear model is unaware of the speed
variation, yet 65y is maintained within reasonable bounds, and
IMERP transitions smoothly from one set-point to the another.

VI. SUMMARY AND FUTURE WORK

The fuel governor controller concept is validated on a
multicylinder recompression HCCI engine. The major benefits
validated by experiments are improved 65y and IMEP transient
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response during large load transitions (see Fig. 7), and the
enabling of larger load transitions than were possible with the
baseline controller alone (see Fig. 8). The entire load range
at the specified speed and boost pressure can be traversed.

The nonlinear fuel governor is run in real-time on the
rapid prototyping hardware. Computational load is reduced
significantly by replacing the nonlinear prediction model with
a linear model. This linearized fuel governor is proposed as
a viable solution for ECU implementation. It is shown to
work well in a range of loads and speeds around its nominal
linearization operating point (see Fig. 10).

The HCCI model’s range of validity is extended to different
engine speeds in [24], and will be used in future work to
develop controllers for simultaneous load-speed transitions.
The range of validity of the linearized fuel governor can be
extended across engine speeds by using multiple linearizations.
Characterization of the onset of late phasing cyclic variability
will be used to improve the performance of the baseline
controller in these dynamically oscillatory regions.
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